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The permeability architecture of the critical zone exerts a major influence on the 45 
hydrogeochemistry of the critical zone. Water flowpath dynamics drive the spatio-temporal 46 
pattern of geochemical evolution and resulting streamflow concentration-discharge (C-Q) 47 
relation, but these flowpaths are complex and difficult to map quantitatively. Here, we couple 48 
a new integrated flow and particle tracking transport model with a general reversible 49 
Transition-State-Theory style dissolution rate-law to explore theoretically how C-Q relations 50 
and concentration in the critical zone respond to decline in saturated hydraulic conductivity 51 
(Ks) with soil depth. We do this for a range of flow rates and mineral reaction kinetics. 52 
Our results show that for minerals with a high ratio of equilibrium concentration (   ) 53 
to intrinsic weathering rate (    ), vertical heterogeneity in Ks enhances the gradient of 54 
weathering-derived solute concentration in the critical zone and strengthens the inverse 55 
stream C-Q relation. As 
   
    
 decreases, the spatial distribution of concentration in the critical 56 
zone becomes more uniform for a wide range of flow rates, and stream C-Q relation 57 
approaches chemostatic behaviour, regardless of the degree of vertical heterogeneity in Ks. 58 
These findings suggest that the transport-controlled mechanisms in the hillslope can lead to 59 
chemostatic C-Q relations in the stream while the hillslope surface reaction-controlled 60 
mechanisms are associated with an inverse stream C-Q relation. In addition, as 
   
    
  61 
decreases, the concentration in the critical zone and stream become less dependent on 62 
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The stream concentration-discharge (C-Q) relation is a fundamental description of 86 
spatio-temporal feedbacks between hydrological, geochemical and biological processes in the 87 
critical zone [Evans and Davies, 1998; Herndon et al., 2015]. Nevertheless, it subsumes the 88 
process complexities of the critical zone into a measure of integrated behavior that can 89 
readily be used to identify impacts of climate and land-use changes on ecosystem function 90 
[Godsey et al., 2009; Ibarra et al., 2016; Manning et al., 2013]. Given the ease of measuring 91 
stream concentration and discharge, it is tempting to infer the interactions among 92 
hydrological and geochemical processes such as chemical weathering from the C-Q relation 93 
[Anderson et al., 1997; Godsey et al., 2009]. But the variation in chemistry of stream and 94 
critical zone water is a function of the different subsurface flow regimes it contains. Linking 95 
these flow regimes and their corresponding transit times (the elapsed time that particles spend 96 
traveling through subsurface)  to the internal weathering regime in the critical zone and 97 
ultimately integrated catchment-scale C-Q pattern (and unpacking such relations) is a grand 98 
challenge for critical zone science.   99 
 Evans and Davies [1998] and Chanat et al. [2002] suggested that the form and 100 
direction of the hysteresis loop of the stream C-Q relation can aid in estimation of the relative 101 
contribution of sources of stream solutes under different flow regimes and antecedent 102 
moisture conditions. Flow rate influences mixing, source, production and mobilization rate of 103 
weathering-derived solutes by altering flow pathlines through soil horizons [Bishop et al., 104 
2004; Herndon et al., 2015]. For example, Anderson et al. [1997] and Anderson and Dietrich 105 
[2001] used detailed measurements of soil water, bedrock water and stream concentrations 106 
during natural and artificial precipitation events to show that the relative bedrock and soil 107 
contributions to stream concentration of weathering products (i.e., base cations, silica and 108 
alkalinity) varied with stream discharge. They also showed that both soil and bedrock 109 
concentrations were affected by subsurface flow rate; they become more dilute at high flow 110 
and more concentrated at low flow. Neal et al. [1992], McGlynn and McDonnell [2003] and 111 
many others have similarly attributed stream chemistry variations to changes in dominant 112 
water inputs to the stream, from deeper groundwater during base flow to shallower hillslope 113 
runoff (e.g., subsurface storm flow [Ameli et al., 2015] and transmissivity feedback [Bishop 114 
et al., 2011]) at high flow. 115 
Another factor affecting the relation between primary weathering rates and stream C-116 
Q is groundwater transit time (or age) which reveals the contact time of water with mineral 117 
surfaces in the subsurface. Burns et al. [1998, 2003] used hillslope-scale measurements of 118 
concentration and groundwater age at the Panola Mountain Research Watershed to show that 119 
the concentration of weathering products was positively correlated to groundwater age. More 120 
recently, Maher [2010, 2011] used a reactive transport model to suggest that weathering rates 121 
within the critical zone depend strongly on fluid transit time. The age-dependency of the 122 
subsurface weathering could justify the widespread observation that stream concentrations of 123 
weathering products can decrease with increasing stream discharge [i.e. inverse C-Q relations 124 
as shown in e.g., Clow and Drever, 1996; Hem, 1948; Johnson et al., 1969]. This could be 125 
attributed to the fact that faster waters with shorter transit times and therefore shorter contact 126 
time with minerals, are discharged into the stream with a lower concentration of weathering 127 
products [e.g., Anderson et al., 1997; Pilgrim et al., 1979].  128 
While flowpath and age provide fundamental insights into the integrated stream C-Q 129 
relation, many environments show only slight change in streamflow concentration even when 130 
stream discharge (and therefore, presumably, subsurface transit times and pathways) vary 131 
considerably. This chemostatic behavior was described by Godsey et al. [2009] who showed 132 
for 59 watersheds in the USA that streams draining volcanic bedrock had steeper clockwise 133 
inverse C-Q relations than sites with carbonate bedrock that showed significantly shallower 134 
C-Q relations. This was surprising as discharge and mean subsurface transit time (MTT) 135 
varied by several orders of magnitude spatially and temporally within each watershed and 136 
between watersheds [Godsey et al., 2009]. Similar chemostatic C-Q behaviour has been seen 137 
in granitic boreal catchments in permafrost regions of Russia [Zakharova et al., 2005] and 138 
many other environments [Ibarra et al., 2016; Moon et al., 2014; Torres et al., 2015]. 139 
So what is the way forward for understanding the links between primary weathering 140 
rates, subsurface flow pathways, transit times and stream C-Q relations? Perhaps the simplest 141 
conceptualization of the solute flux composition of stream water is that this flux is the 142 
average of the solute composition along different shallow and deep flow  pathlines 143 
discharged into the stream [Maher and Druhan, 2014]. The wide range of transit times along 144 
these flow pathlines comprises the catchment transit time distribution (TTD). The TTD thus 145 
contains information about the variation of contact time between water particles and mineral 146 
surfaces along different pathlines. The subsurface flow pathline distribution, together with the 147 
TTD, are themselves a complex measure of subsurface macro and micro heterogeneity [Ameli 148 
et al., 2016a; Ameli et al., 2016b; Davies and Beven, 2015; Kirchner, 2016a] that influence 149 
weathering regimes in the critical zone as well as the stream C-Q relation [Anderson et al., 150 
1997; Herndon et al., 2015].  151 
But the “weathering” that the TTD and subsurface flow pathlines may influence is an 152 
exquisitely complex set of processes in its own right. To begin with, different minerals react 153 
at different rates toward different equilibrium concentrations with a given set of conditions 154 
(e.g., pH, redox, temperature and solute concentrations). In addition to weathering kinetics, 155 
reactive surface area can dramatically vary with depth with less surface area in shallower 156 
weathered zones compared to deeper unweathered rock [White et al., 2008; White et al., 157 
2009]. Furthermore, the products of primary weathering can then form secondary minerals 158 
that have their own set of reactions [Zhu, 2005].  159 
The aforementioned processes take place in a flow system traversing landscapes at 160 
velocities that vary in time and space as governed by the structure of the pore space in 161 
response to driving forces such as precipitation and evapotranspiration. Weathering rates of 162 
some minerals (e.g., carbonate) may be fast enough that the time to equilibrium with the fluid 163 
is much shorter than the transit time of water particles in some or all of the landscape, such 164 
that some or all of the fluid is effectively near equilibrium. On the other hand, some silicate 165 
minerals have much slower weathering rates, with a time to chemical equilibrium that can be 166 
longer than the mean transit time [Godsey et al., 2009]. Given the complexities of how 167 
weathering within the landscape is expressed in the stream C-Q relation, we need to explore 168 
“specific hypotheses” of how subsurface hydrology interacts with minerals to influence 169 
chemical evolution within the critical zone and the resulting patterns of solute concentration 170 
in stream runoff. But as yet, our field measurement technology does not often allow us to test 171 
such hypotheses directly.     172 
Here we use a 2-D subsurface-stream flow and transport model to explore 173 
theoretically how subsurface flow rate, flow pathline and transit times control the weathering 174 
rate of the primary mineral in the critical zone and ultimately the streamflow concentration of 175 
weathering products. Our work builds on the hydrological model developed in Ameli et al. 176 
[2016a] and tested in Ameli et al. [2016b], where we integrated saturated-unsaturated flow 177 
and particle tracking transport models in hillslopes with exponential vertical decline in 178 
saturated hydraulic conductivity (Ks). This permeability pattern is typical in forested till 179 
catchments, where the distribution of weathering and the transfer of weathering products to 180 
the stream may be strongly influenced by how flow pathline dynamics are influenced by the 181 
characteristic architecture of soil permeability. This can decline rapidly with depth, forcing 182 
much of the lateral flow closer to the soil surface. Our physically-based model is able to 183 
explicitly track particles and determine their concentrations, pathlines and transit time 184 
distributions in the critical zone and stream as well as the young water fraction in streamflow 185 
(as defined recently by Kirchner [2016a] and Jasechko et al. [2016]) under steady-state 186 
assumptions.  We now link the model with a general reversible Transition State Theory style 187 
(TST-style) weathering dissolution rate law to explore how the subsurface conductivity 188 
profile (represented here as vertical exponential decline in Ks), water flow rates, pathlines, 189 
transit times, and primary mineral weathering properties (e.g., intrinsic weathering rate and 190 
weathering equilibrium concentration) interact to generate distinct weathering regimes in the 191 
critical zone and ultimately different C-Q-relations in the stream. The weathering regime is 192 
characterized using the Damköhler number (defined as the ratio between mean transit time 193 
and time to chemical equilibrium [e.g., Johnson and DePaolo, 1994; Lebedeva et al., 2007]) 194 
to determine the shift between transport-control and surface reaction-control on weathering in 195 
the critical zone.  196 
It is important to note that the simple particle tracking based hydro-geochemical 197 
approach used here cannot be considered a full geochemical treatment [c.f. Atchley et al., 198 
2014] that takes into account factors such as the impact of reactive surface area [c.f. 199 
permeability-porosity-aperture 1D saturated model by Godsey et al., 2009] and the vertical 200 
mineral gradients that develop over time. Instead, our work advances understanding of the 201 
controls created by the primary weathering of minerals as one component of the complete 202 
“picture”.  Our work responds to calls made by McDonnell and Beven [2014] for a model that 203 
differentiates flow velocities, celerities and transit times. Most importantly, our work 204 
responds to calls made by Godsey et al. [2009] and Maher and Druhan [2014] for an 205 
internally consistent model of hydrology, chemical weathering and transport, with the ability 206 
to consider geomorphic features including soil depth and saturated hydraulic conductivity 207 
patterns, pathlines and transit times in both saturated and unsaturated domains, as well as 208 
mineral reaction kinetics to explore controls on chemical evolution in the critical zone.  209 
We ask the following questions: 210 
o How does the subsurface conductivity profile interact with different mineral 211 
reaction (and solubility) kinetics to influence the hillslope-scale distribution of 212 
weathering-derived solute concentrations, time to chemical equilibrium and 213 
the Damköhler number? 214 
o How do different weathering regimes in the critical zone (i.e., transport-215 
controlled vs. surface reaction-controlled) lead to different stream C-Q 216 
relations? 217 
o What are the combinations of mineral reaction kinetics and subsurface 218 
conductivity profiles that result in inverse and chemostatic C-Q relations in 219 
streams? 220 
o To what extent do stream C-Q relations and hillslope concentration depend on 221 
particle transit times? 222 
 223 
2-Methods:  224 
We extended the integrated steady-state flow and random walk particle tracking 225 
model developed in Ameli et al. [2016a] (briefly explained here in Section 2.1 and Appendix 226 
A) to take into account chemical evolution along subsurface flow pathlines (Section 2.2). The 227 
hydrological and geochemical properties of the hypothetical hillslope used in our theoretical 228 
experiment are also explained in Section 2.3.   229 
2.1- Flow and Particle Tracking Transport Model 230 
The mathematical formulation used in the model to calculate the maps of hydraulic 231 
head and velocity in both saturated and unsaturated zones are explained in Appendix A. The 232 
equation used to describe the step of a water particle ( ) in the random walk particle tracking 233 
method is as follows: 234 
 235 
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in the saturated zone:         
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where   
  and   
  are the position of the particle (p) at the k
th
 time step. For each particle (p) 238 
and each time step (k),     
  and     
  denote random numbers drawn from an exponential 239 
distribution with a mean of    
  and    
 , respectively.    
  and    
  (Eqs. A.5) are unsaturated 240 
zone mean pore water velocities in x and z directions for each particle at each time step. 241 
These are calculated throughout the unsaturated hillslope using the semi-analytical 242 
physically-based approach (Appendix A). Similarly,     
  and     
  denote random numbers 243 
drawn from an exponential distribution with a mean of    
  and    
 , respectively; where    
  244 
and    
  (Eqs. A.6) are saturated zone mean pore water velocities in x and z directions at each 245 
particle and each time step. A small value of time difference between time steps (          246 
d) was assumed for all examples solved in this paper to ensure precise calculation of particles 247 
locations and their concentration evolution. 248 
It is important to note that the application of an exponential distribution in the random 249 
walk particle tracking approach, rather than the commonly-used Gaussian distribution, aims 250 
to provide for a higher probability of a particle being in a relatively slow pathway as well as 251 
some local preferential flow [see also Davies et al., 2011; Davies et al., 2013]. Velocities are 252 
assumed to be independent between time steps, which means that the integral or Lagrangian 253 
velocities over longer pathlines will tend towards a Gaussian distribution. All particles were 254 
initially released at evenly-spaced locations (with an increment of 25 cm at a total of 560 255 
locations) along the topographic surface and ultimately discharged into the stream as 256 
schematically shown in figure 1. The transit time of each water particle is the time that the 257 
particle spends traveling through the subsurface from when it is released along the 258 
topographic surface to when it discharges into the stream. For a given steady-state discharge 259 
(Q), time-invariant Transit time distribution (TTD) and mean transit time (MTT) are thus the 260 
probability density function and average of transit times of all 560 water particles discharged 261 
into the stream, respectively.    262 
2.2- Concentration Evolution Along the Flow Pathlines 263 
To calculate the concentration of weathering products along flow pathlines using a 264 
particle tracking method, we applied the widely-used approximation that the concentration of 265 
weathering products along the flow pathlines increase until the equilibrium concentration (at 266 
a given set of temperature and pH) with the mineral is reached [Drever, 1988; Maher and 267 
Chamberlain, 2014]. A similar particle tracking algorithm has been recently coupled to 268 
numerical flow models (e.g., ParFlow) to explore reactive transport in groundwater systems 269 
[e.g., Atchley et al., 2014; Cui et al., 2014; Siirila and Maxwell, 2012].  Of course this 270 
mechanism is only one of many processes affecting chemical evolution along the flow 271 
pathlines, which include ionic exchange, complexation with DOC and reactive gases, as well 272 
as precipitation of secondary phases [Brantley et al., 2011; Drever, 1994; Gaillardet et al., 273 
2011; Oliva et al., 1999]. The evolution of chemical weathering concentration (C) for each 274 
particle p and at each time step k (i.e.   
 ) can be calculated as 275 
  
  =   
  +     
         (2) 276 
Where R refers to the dissolution rate and   
  is the initial concentration at the land 277 
surface. An identical initial concentration of 10 
-8
 (mol/L) was assumed for the all particles in 278 
examples solved in this paper. R is determined through Transition State Theory style 279 
dissolution rate law as discussed in section 2.3.2. Figure 1 schematically shows that how the 280 
concentration of each particle increases as it moves toward the stream; albeit the rate of the 281 
increase varies depending upon the particle pathways and locations as well as concentration. 282 
The stream concentration (CR), for a given steady-state flow rate (Q), is the average 283 
concentrations of all 560 particles discharged into the stream. The time and length that 560 284 
particles spend on average to reach chemical equilibrium (i.e. particle concentration becomes 285 
equal to equilibrium concentration- Ceq) before being discharged into the stream is also 286 
calculated to estimate the time to equilibrium (Teq) and length to equilibrium (Leq) for each 287 
example; albeit only particles reaching chemical equilibrium before being discharged are 288 
considered in this calculation.  289 
 2.3 Hillslope Hypothetical Properties 290 
Figure 1 depicts the general schematic of a shallow 2-D hillslope located in the 291 
vicinity of a water course (i.e., stream), used here to perform theoretical experiments on how 292 
subsurface hydrology interacts with mineral reaction kinetics and influences chemical 293 
weathering in the critical zone to yield stream C-Q relations. 294 
2.3.1. Hillslope Description and Hydrological Properties 295 
Two hypothetical patterns of exponential decline in Ks with soil depth were assumed – 296 
α = 2 [1/m] (Figure 1) and α = 0, where α refers to the parameter of the exponential 297 
relationship between Ks with soil depth. The former case refers to a heterogeneous hillslope 298 
of rapidly declining Ks with depth and the latter case refers to a homogenous hillslope. The 299 
average Ks throughout the hillslope was held constant in both cases to facilitate a focus on the 300 
influence of the rate of exponential decline in Ks with depth. Thus, while a Ks0 (saturated 301 
hydraulic conductivity along the topographic surface) of 100 m/d was assumed for the 302 
heterogeneous case with α = 2 (Figure 1), a uniform Ks of 20 m/d (average Ks of the former 303 
case throughout the hillslope) was considered throughout the hillslope for the homogenous 304 
case with α = 0. A porosity-depth relationship of              
          
 was also assumed 305 
for both cases.  The Gardner [Gardner, 1958] unsaturated parameters characterizing the 306 
hydraulic conductivity in the unsaturated zones were also assumed as   =1 (1/m) and 307 
  
 =0.05 m (Eq. A.1). Five discharge (Q) rates of 0.2, 0.5, 0.8, 1 and 2 mm/d were also 308 
considered for our theoretical experiments. The assumed geometry of the hillslope, discharge 309 
rates and material properties are consistent with the properties of the widely-studied S-310 
Transect hillslope within the Krycklan till-mantled watershed in the boreal zone of Sweden’s 311 
forest landscape where till-mantled watersheds have Ks values that can be hypothesized to 312 
decay exponentially with depth at an exponential  rate of up to α = 4 (1/m) [Ameli et al., 313 
2016b; Bishop et al., 2011]. The assumed steady-state discharge rates also span the range 314 
between the 10th percentile (0.2 mm/d) and 90th percentile (2 mm/d) observed daily 315 
discharge at the S-Transect during the 30 year period from 1980-2010. 316 
2.3.2. Geochemical Properties  317 
The mineral dissolution rate depends on several factors, where pH and temperature 318 
are generally thought to be the most important as they can cause dissolution rates to vary by 319 
several orders of magnitudes [Hellmann, 1994; Sverdrup, 1990]. Concentrations of aluminum 320 
[Oelkers et al., 1994], base cations [Oelkers and Schott, 2001], organic acids [Drever and 321 
Stillings, 1997] and carbon dioxide pressure [Golubev et al., 2005] have also been shown to 322 
affect dissolution rates. However, most mineral dissolution experiments have been conducted 323 
at far-from-equilibrium conditions, and often at extreme pH-values and high temperatures. 324 
Mineral dissolution at field conditions is considerably slower and the behavior near 325 
equilibrium is uncertain. In chemical weathering models, the Transition-State-Theory style 326 
(TST-style) relationship [Eyring, 1935] is often employed to describe mineral dissolution 327 
characteristics from far- to very close-to-equilibrium [Goddéris et al., 2006; Lasaga, 2014; 328 
Lasaga and Kirkpatrick, 1981; Maher et al., 2009; Oelkers et al., 1994; Palandri and 329 
Kharaka, 2004]. This approach suggests that far from equilibrium (where the concentration is 330 
close to zero) the mineral dissolution rate is unaffected by the aqueous concentration, but 331 
ultimately decreases abruptly when the fluid concentration of the weathering product 332 
approaches the close vicinity of the equilibrium concentration. This could also of course vary 333 
in different parts of the pore space structure (and thus leads to local concentration gradients), 334 
but such differences are necessarily assumed negligible here. The general reversible form of 335 
the TST-style relationship between dissolution rate and saturation state can then be given by: 336 
             
 
   
    (3) 337 
where      is the maximum or intrinsic (laboratory) dissolution rate,     refers to the 338 
equilibrium concentration of fluid in contact with the mineral and b is a constant that 339 
determines the shape of the TST-style relationship as well as the concentration at which the 340 
dissolution rate decreases abruptly.  341 
Here, we considered five hypothetical minerals through the implementation of 342 
different      and     values in TST-style relationships with an identical b equal to 0.1 343 
(Figure 2). Intrinsic weathering rate (    ) of minerals increases among M1, Mb and M2 with 344 
an identical equilibrium concentration (   ); thus the ratio of 
   
    
, which is known as the 345 
mineral theoretical time to equilibrium, decreases. On the other hand,      decreases among 346 
M3, Mb and M4 with an identical      and thus the ratio of 
   
    
 decreases. The 
   
    
 of the 347 
selected hypothetical minerals with a range from 357 d to 14 d can span the weathering 348 
kinetics of the minerals used in other studies such as 
   
    
 146 d in Maher and Druhan 349 
[2014] and  
   
    
 74 d in Maher [2011]. Furthermore, these hypothetical mineral weathering 350 
characteristics can span approximately realistic geochemical behaviour for a wide range of 351 
silicate and phosphate minerals under various pH and temperature conditions at the S-352 
Transect hillslope [Erlandsson et al., 2016]. For example, within the S-Transect hillslope, Ceq 353 
can vary between 1 x 10 
-6
(mol/L) (which is the K-concentration of where K-feldspar 354 
reaches equilibrium) and 1 x 10 
-4
(mol/L) (which is the Ca-concentration at 10 m depth where 355 
some minerals are close to saturated conditions). Note that these two elements (Ca and K) 356 
define the range for major weathering products at the hillslope. In the same hillslope, the 357 
largest flux from a single mineral was reported as 1.4 x 10
-7
 (mol/L/d) which is the calculated 358 
(modelled) flux of base cation release through plagioclase dissolution. 359 
3. Results 360 
3.1. Subsurface Flow Pathline and Transit Time Distribution 361 
As α (the parameter of exponential decline in    with depth) increases, deep and 362 
shallow subsurface pathlines lessen and increase, respectively, for the wide range of 363 
subsurface flow rates considered here (Figure 3). The proportion of fast-arrival waters 364 
discharged into the stream also increases as α increases (Figure 3 - inset). Furthermore, the 365 
simulated ratio of unsaturated zone mean transit time to saturated zone mean transit time 366 
(    ) decreases. These findings can be attributed to the fact that the water table (green lines 367 
in Figure 3) rises nearer to the ground surface where saturated hydraulic conductivity is 368 
relatively higher for the case with α = 2 (and Ks0 = 100 m/d) than the more homogenous 369 
subsurface with α = 0 (and Ks0=20 m/d). This rise in the water table (and thus decline in the 370 
unsaturated zone thickness) can also be inferred from the decrease in average depth to water 371 
table (parameter d in figure 3). 372 
3.2. Stream Concentration-Discharge relation 373 
Stream concentrations for five hypothetical minerals (Mb, M1, M2, M3, M4) and two 374 
different exponential rates (α =2 and α=0) of exponential decline in Ks with soil depth are 375 
calculated for a range of flow rates. The mineral’s ratio of 
   
    
 decreases among M1, Mb and 376 
M2 as well as among M3, Mb and M4; among the former group of minerals     is constant but 377 
     increases, and for the latter group of minerals     decreases but      is constant 378 
(Figure 2). The concentrations discharged into the stream are also subdivided into two 379 
classes: 1) concentration of young waters (CRY) that is the average concentration of particles 380 
with an age < 3 months and 2) concentration of old water (COY) that is the average 381 
concentration of particles with an age > 3 months. The three months age threshold to 382 
distinguish young water from old water was recently introduced by Kirchner [2016a] . 383 
Stream total concentration (CR) is the average concentration of all 560 particles discharged 384 
into the stream at a given steady-state flow rate. For the sake of simplicity of comparison, all 385 
types of stream concentrations are normalized (subscript (n)) with respect to the equilibrium 386 
concentration of each mineral (Figure 4).  387 
A more heterogeneous subsurface with a larger parameter (α) of vertical exponential 388 
decline in Ks enhances the inverse relation between normalized stream concentration (CRn) 389 
and discharge (Q) (Figure 4). In addition, the inverse CRn-Q relation becomes stronger (the 390 
slope of best-fit inverse clockwise power-law line to CRn-Q relation becomes larger) as the 391 
regolith’s 
   
    
 increases, regardless of whether      decreases (among M2, Mb, M1 minerals 392 
in figure 4a) or     increases (among M4, Mb, M3 minerals in figure 4b). Note that results 393 
clearly show that CRn-Q relation cannot exactly embrace a power-law shape (i.e. linear 394 
relation in Log-Log scale). This is consistent with the assumption of the model used here that 395 
stream concentration cannot exceed equilibrium concentration (   ) for a range of stream 396 
flows including stream low flow. 397 
On the other hand, a decrease in regolith’s 
   
    
 results in a larger likelihood of 398 
chemostatic behaviour regardless of the degree of heterogeneity in the vertical pattern of Ks.  399 
For example, for the minerals with the lowest 
   
    
 (i.e. M2 and M4), the stream concentration 400 
only slightly declines as stream discharge changes from low flow to high flow condition with 401 
an almost chemostatic CRn-Q relation for both homogenous and heterogeneous hillslopes.  402 
The concentrations in the younger (   ) and older (   ) components of stream 403 
discharge suggest that for all five minerals the concentration in young water declines relative 404 
to the concentration in old water as flow rate increases, with a more pronounced (non-linear) 405 
decline in the heterogeneous subsurface with α =2  compared to the homogenous one with α 406 
=0 (Figure 5a&b). Although for the low flow the proportion of stream young water to old 407 
water concentration (
   
   
) in the heterogeneous domain is larger compared to the homogenous 408 
domain, as flow rate increases, 
   
   
 in the heterogeneous domain approaches the homogenous 409 
one.  This finding can be attributed to a larger difference between      (ratio of unsaturated 410 
zone to saturated zone mean transit time) in heterogeneous and homogenous domains for low 411 
flow conditions (Figure 3b) compared to the difference between       in heterogeneous and 412 
homogenous domains for high flow conditions (Figure 3a). In addition, figure 5a&b show 413 
that as the regolith’s 
   
    
 decreases (e,g., from M1 to M2 and from M3 to M4), the 414 
concentrations in the younger stream component (   )  approaches the concentration of the 415 
older stream component (   ). 416 
The relation between normalized stream concentration     and MTT (corresponding 417 
to the five flow discharge rates considered here) is also explored (Figure 5c&d). As the 418 
mineral      increases or     decreases (or in general 
   
    
 decreases), the widely-accepted 419 
positive correlation between hillslope MTT and stream concentration of weathering products 420 
is weakened because the concentration along a flow pathline approaches the equilibrium 421 
concentration faster. Once equilibrium is reached, more time in the catchment will not 422 
generate greater concentrations. In addition, almost similar values of stream concentration 423 
can be obtained while hillslope conductivity profile and MTT changes considerably. For 424 
example, for the Mb mineral (black dot and black cross), an almost identical normalized 425 
stream concentration of 0.52 occurred between homogenous and heterogeneous Ks patterns, 426 
while MTT was 55 days within the former and 116 days within the latter domains (Q was 427 
equal to 2 mm/d for both cases).  428 
 429 
3.3. Hillslope Internal Weathering Characteristics 430 
3.3.1 Spatial Characteristic of Weathering 431 
The spatial distribution of concentration of weathering products throughout the 432 
hillslope depends upon the subsurface conductivity profile as well as the mineral reaction 433 
kinetics and solubility (Figure 6).  A smaller mineral 
   
    
 results in equilibrium being 434 
reached closer to the land surface. This is clear for mineral M2 which has a larger 435 
     compared to M1 and mineral M4 which has a smaller     compared to M3. In addition, 436 
concentration gradients throughout the hillslope can be significantly enhanced by rapid 437 
exponential decline in Ks (larger α). This is more pronounced for the mineral with the largest 438 
   
    
 (M1 and M3). For minerals M1 and M3 and within the hillslope with a homogenous Ks 439 
pattern (Figure 6b), no part of the hillslope reaches equilibrium condition at high flow (Q = 2 440 
mm/d). Note that the spatial distribution of different minerals with different weathering 441 
characteristics within the hillslope could also impact the spatial distribution of weathering, 442 
but assessment of this factor is beyond the scope of this paper.  443 
In addition, mineral reaction kinetics and flow rates impact the length (Leq) that 444 
particles travel on average before reaching chemical equilibrium with the mineral  (Figure 445 
7e&f). As flow rate increases, water particles travel longer paths on average before reaching 446 
chemical equilibrium. Regolith with a larger 
   
    
 also leads to a longer particle travel lengths 447 
on average before equilibrium is reached. 448 
3.3.2  Temporal Characteristics of Weathering 449 
Three factors affect the average time that it takes for particles to reach chemical 450 
equilibrium with the mineral (Teq) (Figure 7a&b): (1) the exponential decline in Ks, with a 451 
smaller value of α parameter (less heterogeneous subsurface) resulting in equilibrium being 452 
reached faster; (2) the weathering reaction kinetics of the regolith with smaller 
   
    
 resulting 453 
in equilibrium being reached faster; and (3) flow rate, with an increase in flow rate the 454 
equilibrium is reached more rapidly. It is important to note that the calculated time to 455 
equilibrium (Teq) is significantly higher than widely-used mineral theoretical time to 456 
equilibrium which is assumed to be equal to 
   
    
 (shown by dashed lines in figures 7a&b). 457 
Albeit, for each mineral the calculated time to equilibrium begins to approach the theoretical 458 
one as the hillslope vertical heterogeneity in Ks pattern decreases and/or flow rate increases.   459 
An increase in the rate of vertical decline in Ks increases the number (   
   
   
) 460 
(Figure 7c&d). This can be attributed to a larger increase in MTT (due to a longer old tale of 461 
TTD as shown in figure 3) compared to Teq (Figure 7a&b) as vertical heterogeneity in Ks 462 
increases. The mineral reaction kinetic also impacts the Damköhler number, with a smaller 463 
   
    
 resulting in a larger Damköhler number. An increase in flow rate also decreases the 464 
Damköhler number regardless of the regolith conductivity profile and mineral reaction 465 
kinetic. Note that based on the Damköhler number definition, as the Damköhler number 466 
decreases, the regolith weathering regime approaches surface reaction-controlled (rather than 467 
transport-controlled) conditions. 468 
3.3.3 Concentration-Residence Time Relations 469 
Here, we explore to what extent the water particle concentration within the hillslope 470 
can be related to the time (or residence time) that has elapsed since the particle entered the 471 
soil at the land surface (Figure 8). The Pearson correlation coefficient between concentration 472 
and residence time (    ) throughout the hillslope becomes less strong as the rate of vertical 473 
exponential decline in Ks increases. The mineral with a small 
   
    
 (e.g., M2 and M4) also 474 
shows lower      throughout the hillslope compared to the minerals with larger 
   
    
. These 475 
findings are further supported by the distribution of residence time and concentration 476 
throughout the hillslope shown in figure 6. For both homogenous and heterogeneous 477 
hillslopes, the spatial pattern of concentration becomes more similar to the spatial pattern of 478 
particle residence times (Tt) as 
   
    
  increases; albeit, this pattern is more pronounced for 479 
homogenous hillslope compared to the heterogeneous one. The correlation between 480 
concentration and residence time within the hillslope is also enhanced with increasing the 481 
flow rate regardless of the regolith’s conductivity profile and weathering reaction kinetics 482 
(Figure 8).  483 
 484 
4. Discussion 485 
Past studies have developed catchment-based chemical weathering models such as 486 
WITCH [Goddéris et al., 2006], and soil profile chemical weathering models such as 487 
PROFILE [Sverdrup and Warfvinge, 1993]. All have sought to account for the processes 488 
controlling weathering characteristics, including ionic exchange, complexation with DOC 489 
and precipitation of secondary phases. However, to date, representation of the subsurface 490 
vertical heterogeneity of the hydrological properties in the critical zone and their 491 
corresponding influence on flow pathlines and transit time distributions at different flow rates 492 
has not yet been examined in most current models of subsurface chemical weathering [Maher 493 
and Druhan, 2014].  494 
Many investigations of weathering in the critical zone have focused on the 495 
unsaturated zone since gradients in water composition and mineral depletion are strongest in 496 
this zone, along with root uptake  (there are some exceptions, such as Rempe and Dietrich 497 
[2014] and Anderson et al. [1997]). On the other hand, hydrologists that connect the 498 
catchment to stream discharge often focus on the saturated zone, as the unsaturated zone is 499 
often not an important source of stream discharge, particularly where steady or pseudo-steady 500 
flow conditions can be assumed. The simple hydro-geochemical model presented here (or the 501 
one offered by [Maher and Druhan, 2014]) provides an opportunity to build the dialogue 502 
between hydrologists and geochemists to advance the understanding of the feedbacks 503 
between hydrology and geochemistry in real-world catchments. 504 
 505 
4.1 Simple Models to Explore Complex Behavior 506 
This paper used a simplified catchment system to explore the interaction of flow 507 
pathlines, transit times and primary weathering characteristics together with the associated 508 
stream C-Q relations for weathering products. The starting point was an extension of the 509 
recently proposed integrated flow and transport saturated-unsaturated model by Ameli et al. 510 
[2016a] to take weathering into account. This grid-free hydrological model has the ability to 511 
characterize time-invariant subsurface flow pathlines and transit time along these pathlines 512 
for subsurface flow rates and different degrees of exponential decline in saturated hydraulic 513 
conductivity (Ks) with depth. Recently, Ameli et al. [2016b] showed the importance of this 514 
decline in Ks  for flow patterns and associated transit time distributions through catchments. 515 
Here, we have coupled this semi-analytical hydrological model with a general reversible 516 
TST-style rate law approach. This enables a theoretical exploration of the interaction between 517 
subsurface vertical heterogeneity in Ks, flow rate and primary mineral weathering reaction 518 
kinetics on weathering evolution in the critical zone and the stream C-Q relations that this 519 
would produce. In reality, a host of other factors including pH, temperature, soil CO2 520 
pressure, DOC concentration, secondary mineral formation and biological uptake will also 521 
affect chemical weathering evolution in the critical zone as well as the stream C-Q relation 522 
[Drever, 1994; Kim et al., 2014; Oelkers, 2001; Oliva et al., 1999; Sverdrup, 1990; White and 523 
Brantley, 1995]. However, the benefit of the proposed approach is the characterization of the 524 
interaction between subsurface hydrology and primary mineral reaction kinetic in a 525 
theoretical system, prior to considering other mechanisms in more complex models or in real 526 
systems. 527 
 528 
Stream C-Q relation 529 
Vertical heterogeneity in hillslope conductivity is found to steepen the inverse relation 530 
between stream concentration and discharge. This is most accentuated for minerals with a 531 
large  
   
    
.  As mineral      increases and/or     decreases, vertical heterogeneity in Ks 532 
becomes a less important control, and the stream C-Q relation approaches chemostatic 533 
behavior. The mineral weathering reaction kinetic, flow rate and Ks vertical heterogeneity 534 
also interact to change the average time (   ) and length (   ) at which chemical equilibrium 535 
is reached within the hillslope (Figure 7).  536 
As flow rate increases, the weathering-derived concentration in young shallow waters 537 
that are discharged rapidly into the stream decreases. This leads to a stronger dilution of 538 
deeper high-concentration contributions by shallower low-concentration contributions as flow 539 
rates increase. An increase in      and/or decrease in     (or in general decrease in  
   
    
) of 540 
mineral dissolution rate reduces the degree to which increased young water at high flow 541 
dilutes the concentration of the runoff water, since the concentration of the weathering 542 
product is almost identical in young and old waters (Figure 5a&b). This finding is important 543 
as recent global observations suggest that a large portion of global streamflow is less than 544 
three months old [Jasechko et al., 2016]. Thus, as flow increases, diluted concentrations of 545 
weathering-derived products in stream flow may be expected in catchments with minerals 546 
that have a high ratio of  
   
    
  such as some silicate minerals (in circumneutral or at near-547 
neutral pH) compared to the catchments with minerals that have a low ratio of  
   
    
 such as 548 
carbonate which typically shows chemo-static behaviour. 549 
Internal weathering regime within the hillslope 550 
The developed model was able to explicitly calculate mean transit time (MTT) of 551 
water particles discharged into the stream as well as the average time (   ) at which chemical 552 
equilibrium is reached. Note that the former metric is often implicitly calculated using stream-553 
rainfall tracer concentrations in hydrology [e.g., McGuire and McDonnell, 2006], and the 554 
latter is often assumed as equal to 
   
    
 in geochemistry [e.g., Maher and Chamberlain, 555 
2014].   Damköhler numbers (Da = 
   
   
) thus could explicitly be calculated for each 556 
theoretical example presented here. Results suggest that vertical heterogeneity in Ks increases 557 
the Da. Da < 1 imply a surface reaction-controlled weathering condition within the hillslope, 558 
where fluid concentration is (on average) far enough from equilibrium with the mineral and 559 
mineral surfaces are available for further chemical weathering [Maher, 2010]. In contrast, Da 560 
≥ 1 suggests a transport-controlled weathering regime, where the fluid is (on average) 561 
approaching chemical equilibrium with the mineral, and only the removal of weathering 562 
products by aqueous transport can result in a departure from near thermodynamic 563 
equilibrium. But how are different weathering regimes in the hillslope linked to stream C-Q 564 
relations?   565 
For theoretical mineral M3 (the mineral with the largest 
   
    
), Da is much less than 1 566 
for a range of flow rates, which implies a surface reaction-controlled weathering condition in 567 
the hillslope and leads to a strong inverse relation in the stream C-Q (compare Figures 4b and 568 
7d). Indeed, as flow rate increases, the hillslope weathering condition moves from moderately 569 
(Da<1) to strongly (Da<<1) surface reaction-controlled, which leads to a decrease in the 570 
concentration in the stream. Similarly, minerals M1 and Mb with a large 
   
    
  of 285d and 571 
moderate 
   
    
  of 71d reveal strong (based on large best-fit inverse power-law slope) inverse 572 
C-Q relation and moderate inverse C-Q relation, respectively; this can also be attributed to 573 
the hillslope internal weathering regimes with Da<1 for a range of flow rates. On the other 574 
hand, for M2 and M4 (minerals with the smallest 
   
    
), Da numbers are close to 1 and larger 575 
for the range of flow rates considered. As flow rate increases, the weathering condition in the 576 
hillslope moves from more strongly transport-controlled (Da>>1) to moderately transport 577 
controlled (Da>1). This variation in hillslope internal weathering characteristic, however, 578 
results in only slight variation in stream concentration for a wide ranges of flow rate 579 
(compare Figures 4a&b and 7c&d). For M2 and M4, an increase in flow rate can decrease 580 
MTT and thus the Da number, but it leads to only slight variation in the concentration in the 581 
stream as fluid is effectively always near equilibrium when discharged into the stream (i.e. 582 
small Teq regardless of flow rate).   583 
Exponential decline in Ks can enhance the concentration gradient within the hillslope 584 
for M1 and M3 (the minerals with the largest 
   
    
) (Figure 6). Further comparison between 585 
the spatial distribution of weathering product concentrations within the hillslope (Figure 6a) 586 
and the stream C-Q relation (Figure 4a&b) suggests that non-chemostatic stream 587 
concentration can result from stronger spatial heterogeneity in hillslope concentrations. 588 
Alternatively, chemostatic stream concentrations may result from a smaller concentration 589 
gradient within the hillslope. In the latter case, the subsurface conductivity profile (in terms 590 
of how Ks changes with depth) and the associated spatial and temporal patterns of water 591 
movement have small effects on the concentrations of weathering products within the 592 
hillslope and the subsequent stream C-Q relations. For this condition, simple displacement 593 
hydro-geochemical models might sufficiently predict stream C-Q relations [e.g., Robson et 594 
al., 1992]. These findings are supported by large-scale measurements of concentration of 595 
weathering-derived products within the critical zone and stream performed by Herndon et al. 596 
[2015].    597 
Theoretical vs calculated time to equilibrium 598 
Explicit calculation of time to equilibrium (Teq) suggests that Teq is significantly larger 599 
than the theoretical time to equilibrium assumed to be equal to mineral 
   
    
. The latter has 600 
been widely used as a proxy for time to equilibrium in geochemistry [e.g., Maher and 601 
Chamberlain, 2014]. Time to equilibrium, however, begins to approach 
   
    
  as flow rate 602 
increases and/or vertical heterogeneity in hillslope conductivity decreases (Figure 7a&b). Our 603 
results also show that as 
   
    
 increases the stream C-Q varies from chemostatic to an inverse 604 
relation. Thus, theoretical time to equilibrium can be a useful measure for comparing stream  605 
C-Q relations across different landscapes. Furthermore, as mineral 
   
    
  decreases, the 606 
influence of the MTT on stream concentrations of weathering products decreases. This 607 
implies that MTT is not always a reliable predictor of stream concentrations of weathered-608 
derived products.    609 
4.2. Needs for Future Research 610 
Our purely theoretical model demonstrated how the interaction between hillslope 611 
conductivity profile and mineral weathering reaction kinetics influence the spatial and 612 
temporal distribution of fluid concentrations in the saturated and unsaturated zones, as well as 613 
ultimately the stream C-Q relations of weathering products in the absence of other processes. 614 
Of course, the mineralogy in catchments is much more complex than in this demonstration, 615 
with a mixture of many fast- and slow-dissolving minerals, differing in the parameters n, Rmax 616 
and Ceq (see Eq. 3). For example, in our demonstrations, mineral M3 had the highest Ceq, and 617 
took the longest time to reach its saturation state. If mineral M2, with the highest Rmax, was 618 
also present, mineral M3 would have reached equilibrium much faster. In addition, while Ceq 619 
is an inherent property of the mineral, the Rmax can be viewed as the product between the 620 
specific dissolution rate and the reactive surface area; commonly, the more reactive minerals 621 
are also less abundant, because they have simply dissolved during soil development. The 622 
dissolution of one mineral may then affect the dissolution of others, as a fast-dissolving 623 
mineral will release more weathering products that inhibit the dissolution of slow-weathering 624 
minerals. Different ions can also display different stream C-Q relations for the same sites 625 
[Ledesma et al., 2013], which may be a consequence of the fact that Na
+
- bearing and K
+
- 626 
bearing minerals tend to dissolve more slowly than Ca
2+
- bearing and Mg
2+
-bearing minerals 627 
[Sverdrup, 1990].  Lateral variations in saturated hydraulic conductivity, local scale 628 
heterogeneities in velocities and chemical characteristics in different parts of the pore space 629 
may also complicate the actual distribution of weathering rates and weathering product 630 
concentrations in space and time [e.g., Neal et al., 1992; Stonestrom et al., 1998].  631 
Here, we have chosen an idealized representation of the hillslope, where the 632 
dissolution rate at far-from-equilibrium conditions is represented by a plateau. In reality, 633 
there are other factors controlling mineral dissolution rates aside from the chemical affinity 634 
(i.e., distance to equilibrium). The most influential factors in a hillslope are likely to be the 635 
reactive surface area and pH. The surface area of reactive minerals tends to decrease with 636 
depth, which will cause the net dissolution rates to decrease. pH tends to increase with 637 
increasing water transit time, which, in the pH-intervals usually found in natural 638 
environments, will cause a decrease in dissolution rates for most minerals. Thus, net 639 
dissolution rates would probably not be constant with increasing transit time, but instead 640 
display a gently decreasing slope. However, for the purpose of illustrating how mineral 641 
dissolution kinetics can influence in-stream patterns of water chemistry, these simplifications 642 
are justified. A natural next step would be to go from theoretical demonstrations to using real 643 
data and more complex 3-D models that seek to account for more of the fundamental 644 
processes [c.f. Ibarra et al., 2016]. This would involve testing models against observed 645 
stream C-Q relations of weathering derived elements in the critical zone and streams. It 646 
would also involve using the observed mineralogy together with dissolution rate laws based 647 
on empirical observations and associated processes under more realistic modeling 648 
assumptions. 649 
Of course, future modeling-observation experiments require dynamic integrated flow 650 
and weathering transport models to take into account the association between time-variant 651 
transit times [e.g., Botter, 2012; Harman, 2015; Heidbüchel et al., 2013; Kirchner, 2016b; 652 
Velde et al., 2012] and transient stream concentrations as the hillslopes wets and dries. 653 
Anderson et al. [1997] as well as other classic field studies [e.g., Miller and Drever, 1977; 654 
Walling and Foster, 1975] clearly demonstrated a transient increase in weathering-derived 655 
stream concentration at the beginning of a flow event (i.e., during the rising limb of the 656 
stream hydrograph). Neal and Kirchner [2000] and Kirchner et al. [2000] also depicted the 657 
presence of a strong transiency in the stream concentration of weathering-derived 658 
constituents within the Plynlimon catchment based on daily to weekly stream chemistry 659 
measurements. The steady-state condition, however, is still a necessary assumption for most 660 
chemical weathering models, including the one used in this paper. While these kind of 661 
models may still be valid for the simulation of reactive solute transport farther away from the 662 
soil surface [e.g., Destouni, 1991] and for the simulation of long-term chemical behavior of 663 
catchments with little seasonality [e.g., Botter et al., 2010],  simulation of short-term storm 664 
dynamics on stream concentration will require a model with the ability to take into account 665 
the mixing and displacement of both fast flow pathways and stored old waters at event time-666 
scales. This can be accomplished through coupling an appropriate dissolution rate law 667 
approach with fully dynamic integrated subsurface flow and particle movement approaches 668 
such as MIPS [Davies et al., 2011; Davies et al., 2013] or a transient version of the present 669 
semi-analytical solution.  670 
Lastly, our intention with this paper was to identify the controls created by the 671 
primary weathering of minerals as one component of the complete “picture”. It is unclear 672 
whether there actually exists any true equilibrium for dissolution of primary minerals in 673 
catchments as the dissolution of most primary minerals is an irreversible process at low 674 
temperatures [Sverdrup, 1990]. However, it is undisputed that mineral dissolution is 675 
significantly inhibited by high concentrations of weathering products (which is captured by 676 
the simple model used in this study, although the exact shape of the dissolution rate-function 677 
dependence near equilibrium is not known). Furthermore, it is clear that the relation between 678 
subsurface conductivity profile, transit time and the primary weathering characteristics gives 679 
rise to distinct stream C-Q-relations. 680 
5. Conclusion 681 
We coupled a novel integrated saturated-unsaturated flow and particle tracking 682 
transport model with the Transition-State-Theory style dissolution rate law approach to 683 
theoretically explore the impact of the interaction between vertical heterogeneity in saturated 684 
hydraulic conductivity (Ks), mineral weathering reaction kinetics and flow rate on chemical 685 
weathering evolution in the critical zone. Subsurface vertical heterogeneity in Ks pattern 686 
augments heterogeneity in the distribution of fluid concentration in the critical zone as well as 687 
contributes to an inverse clockwise C-Q relation in the stream. However, as the ratio of 688 
mineral equilibrium concentration to intrinsic weathering rate (
   
    
) decreases, the 689 
importance of vertical heterogeneity in Ks declines and the stream C-Q relation approaches an 690 
approximate chemostatic behaviour, regardless of the degree of subsurface vertical 691 
heterogeneity in the Ks pattern.  The vertical heterogeneity in Ks pattern also affects chemical 692 
equilibrium time and length, but this effect declines as the mineral 
   
    
 decreases. Stream 693 
concentration also becomes less dependent on time-invariant mean transit time again as the 694 
mineral 
   
    
 decreases.  695 
Our findings, despite the simplifications employed, can help to improve the 696 
understanding of the potential consequences of future climatic and land use variations on 697 
hillslope and stream concentrations of weathering-derived products in catchments with 698 
different substrate heterogeneity. Future research will be needed to couple the current 699 
theoretical approach with realistic subsurface mineralogy as well as detailed concentrations 700 
of weathered-derived products in streams. Such integration will help to answer questions 701 
about the validity and applicability of dissolution rate law approaches under different 702 
hydrological and subsurface conductivity profile scenarios. 703 
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 909 
 Appendix A: Semi-analytical series solution for saturated-unsaturated flow  910 
Ameli et al. [2016a] have shown that the series solution to the unsaturated flow 911 
governing equation with no-flow conditions along the sides of the unsaturated domain and 912 
exponentially depth decaying saturated hydraulic conductivity with soil depth (   913 
     
       ) can be calculated in terms of Kirchhoff potential (  
 ) as: 914 
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The series solution for the saturated moisture movement with exponentially depth decaying 919 
saturated hydraulic conductivity with soil depth (        
       ) can also be calculated in 920 
terms of discharge potential function (  
      ) as: 921 
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where   
                  924 
In equations A.1 and A.2,    [L] refers to the total hydraulic head,   represents suction 925 
pressure head [L], L is aquifer length,     [LT
-1
] refers to the saturated hydraulic 926 
conductivity along the topographic surface (      ,   is the parameter of the exponential 927 
relationship between saturated hydraulic conductivity with soil depth,    and   
  denote the 928 
sorptive numbers of the Gardner’s constitutive function [Gardner, 1958] used in this paper to 929 
characterize the  -   relationship in the unsaturated zone. In the above equations, 930 
additionally, m and n are the coefficient index, and        ,    ,        ,     refer to the 931 




coefficient index, respectively. In 932 
addition, M and N are the total number of terms in the series solutions to the unsaturated and 933 
saturated flow governing equations, respectively. The unknown series solution coefficients 934 
(       ,    ,        ,    ) for equations A.1 and A.2 were calculated by enforcing the 935 
boundary conditions at the top and the bottom of saturated and unsaturated zones using a 936 
least square scheme. The a priori unknown location of water table was also calculated using a 937 
robust iterative scheme. We refer the readers to Ameli et al. [2016a] for a detailed discussion 938 
of the mathematical formulation of saturated and unsaturated governing equations, series 939 
solution method, boundary conditions, least square scheme used to enforce boundary 940 
conditions and iterative algorithm used to determine the a priori unknown location of water 941 
table.  942 
The calculated Kirchhoff potential function (Equation A.1) and discharge potential 943 
function (Equation A.2) in the unsaturated and saturated zones, respectively, can be used to 944 
determine continuous maps of Darcy-Buckingham fluxes in the unsaturated zone (          945 
&         )), and Darcy fluxes throughout the entire saturated zone (          &         )) 946 
as:  947 
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Continuous fields of pore water velocity in the unsaturated and saturated zones and in both x 950 
and y directions are then calculated as: 951 
    (x, z) = 
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     (A.6) 953 
In equations A.5 and A.6, the unsaturated moisture content    ) is obtained based on both the 954 
suction pressure head ( ) and soil depth at each location 955 
                     
                
   ). In addition, the saturated moisture content (  ) 956 
is assumed to be equal to the porosity and is obtained as a function of soil depth         957 
          















  973 
Figure 1. Hypothetical hillslope geometry of exponential decline in saturated hydraulic conductivity (Ks [m/d]) with 974 
depth (color map shows the Ks pattern). The stream is located at x=0 (white gap). The value of    (the parameter of 975 
the exponential relationship between Ks  with soil depth) was assumed as 2 [1/m] and Ks0 (the saturated hydraulic 976 
conductivity along the topographic surface) was assumed as 100 m/d in this example. This figure also shows the 977 
conceptual schematic of chemical flow evaluation along three hypothetical flow pathlines in the hillslope. In this 978 
conceptualization, each particle (p) enters the hillslope with a known initial concentration (  
 ) of weathering-derived 979 
products (small circle). The concentration of weathering products of each particle along its flow pathline increases 980 
(particle becomes larger in this schematic) until the equilibrium concentration (Ceq) with the mineral is reached (the 981 
largest circle). In this conceptual schematic, only particles that traverse deep low-permeable (and potentially un-982 




Figure 2. General reversible Transition-State-Theory (TST-style) function used to characterize the relation between 987 
dissolution rate (   and concentration ( ) for five theoretical minerals (Mb, M1, M2, M3, M4). a) Minerals Mb, M1 and 988 
M2 with identical     but different     . b) Minerals Mb, M3 and M4 with identical      but different    . The ratio 989 
of 
   
    
 is known as the mineral theoretical time to equilibrium which decreases among M1, Mb and M2 as well as 990 
among M3, Mb, and M4.  991 
 992 
 993 
  994 
 995 
Figure 3. Subsurface flow pathlines (blue lines), water table location (green line) and Transit Time Distribution (  -996 
probability density function of transit times as shown in inset) for two hypothetical rates of exponential decline in 997 
saturated hydraulic conductivity, one where α = 2 (left panel) and the other where α = 0 (right panel). Of the five 998 
stream flow (discharge) rates considered in this paper, only two are shown here (maximum and minimum rates) for 999 
both values of α: a) Q=2 mm/d; and b) Q=0.2 mm/d.    (day) represents mean transit time and      refers to the ratio 1000 
between mean transit time in the unsaturated zone and the saturated zone. Probability density function ( ) 1001 
corresponding to small transit times ( ) depicts the proportion of fast-arrival waters discharged into the stream.  1002 
Parameter “d” refers to the average depth to the water table (or average unsaturated zone thickness). Only 
 
 
 of all 1003 
flow pathlines were shown.   1004 
 1005 
 1006 
Figure 4. Simulated stream concentration-discharge relation (concentration is normalized with respect to the mineral 1007 
   , log-log scale) for two different exponential rates (α) of exponential decline in saturated hydraulic conductivity 1008 
with soil depth and for five theoretical minerals. a) Stream normalized CRn-Q relation for a) minerals M1, Mb and M2 1009 
where the mineral’s 
   
    
 decreases among M1, Mb and M2 and b) minerals M3, Mb and M4 where mineral’s 1010 
   
    
  decreases among M3, Mb and M4. The parameter S (values in the parenthesis) refers to the slope of the best-fit 1011 
inverse clockwise power-law line (linear in Log-Log scale) to CRn-Q relation. 1012 
 1013 
Figure 5. Relation between stream concentration and age of water for different exponential rates (α) of exponential 1014 
decline in saturated hydraulic conductivity with soil depth, five theoretical minerals (Mb, M1, M2, M3, M4) and five 1015 
steady-state discharges (as well as their corresponding mean transit time-MTT). The proportion of average 1016 
concentration of particles with ages < 3 months (CRY) relative to average concentration of particles with ages > 3 1017 
months (CRO) discharged into the stream for a) minerals M1, Mb and M2 where intrinsic weathering rate (    ) of 1018 
minerals increases among M1, Mb and M2 with an identical equilibrium concentration (   ), and b) minerals M3, Mb 1019 
and M4 where     of minerals decreases among M3, Mb and M4 with an identical      . c) Relation between stream 1020 
normalized concentration (CRn) and hillslope MTT for c) minerals M1, Mb and M2, and d) minerals M3, Mb and M4. 1021 
The regolith’s 
   
    




Figure 6. Spatial distribution of fluid concentration (Cn) (normalized with respect to the mineral     ) for four 1026 
minerals (M1, M2, M3, M4) in response to high flow conditions, and the spatial distribution of particle residence times 1027 
throughout the hillslope (Tt) in response to high flow conditions (last row). Residence time is the time which elapses 1028 
between when a particle enters the soil at the land surface and when it reaches a given point within the hillslope. a) 1029 
Heterogeneous saturated hydraulic conductivity vertical pattern (α=2). b) Homogenous saturated hydraulic 1030 
conductivity pattern (α=0). Only minerals with the two extreme weathering characteristics with regard to      (M1, 1031 
M2) and     (M3, M4) are shown (i.e. largest and smallest 
   
    
  ). The behavior of mineral Mb falls between these pairs 1032 







Figure 7. Hillslope average weathering characteristic vs. flow rates for different exponential rates (α) of exponential 1040 
decline in saturated hydraulic conductivity with soil depth and five theoretical minerals (Mb, M1, M2, M3, M4). 1041 
Hillslope time to equilibrium (Teq) for a) minerals M1, Mb and M2 where the mineral’s 
   
    
 decreases among M1, Mb 1042 
and M2 and b) minerals M3, Mb and M4 where the mineral’s 
   
    
  decreases among M3, Mb and M4. The dashed color 1043 
(consistent with the mineral color) lines refer to the mineral theoretical time to equilibrium which is assumed to be 1044 
equal to 
   
    
.  The hillslope Damköhler number (    
   
   
) for c) minerals M1, Mb and M2 and d) minerals M3, Mb 1045 
and M4. Blue line refers to    = 1 (the threshold between transport-controlled and surface reaction-controlled 1046 
weathering regimes). Hillslope length to equilibrium  (Leq) for e) minerals M1, Mb and M2 and f) minerals M3, Mb and 1047 
M4.   Within the homogenous hillslope (α=0) and at high flow (Q = 2 mm/d), the chemical equilibrium condition is not 1048 




Figure 8. Pearson correlation coefficient between concentration and water residence time (ρC-T)  for five minerals 1053 
(Mb, M1, M2, M3, M4), at stream flow rates varying from low flow to high flow and two saturated hydraulic 1054 
conductivity vertical patterns (α=0 and α=2). Correlation coefficients for a) minerals M1, Mb and M2 where the 1055 
mineral’s 
   
    
 decreases among M1, Mb and M2 and b) minerals M3, Mb and M4 where the mineral’s 
   
    
  decreases 1056 
among M3, Mb and M4. Residence time is the time which elapses between when a particle enters the soil at the land 1057 
surface and when it reaches a given point within the hillslope.  The calculated correlations are obtained from pairs of 1058 
simulated concentration-residence time at 12,000 uniformly-spaced points within the hillslope.  1059 
 1060 
 1061 
